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Edited by Shou-Wei DingAbstract Since the discovery of RNAi, its mechanism in plants
and animals has been intensively studied, widely exploited as a
research tool, and used for a number of potential commercial
applications. In this article, we discuss the platforms for deliver-
ing RNAi in plants. We provide a brief background to these plat-
forms and concentrate on discussing the more recent advances,
comparing the RNAi technologies used in plants with those used
in animals, and trying to predict the ways in which RNAi tech-
nologies may further develop.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: RNAi; VIGS; hpRNA; shRNA1. Background
There is an intrinsic mechanism, probably present in all
multicellular eukaryotes, which converts double-stranded (ds)
RNA into small ( 21 nt) RNAs (by cleavage with endonucle-
ases called Dicers) and uses them to direct sequence-speciﬁc
degradation of cognate single-stranded RNAs. These small
RNAs are termed short interfering (si) RNAs and the process
is called RNA interference (RNAi). Curiously, most animals
possess only one Dicer gene, whereas in plants: Arabidopsis
has four and poplar and rice seem to have ﬁve and six, respec-
tively. There are currently three methods of delivery: by virus
infection, particle bombardment and Agrobacterium infection.
Each method has advantages and disadvantages.
1.1. Biolistic and agroinfection delivery
When plant tissues are bombarded with gold or tungsten
particles that have been coated with DNA or RNA, the nucleic
acid is released and expressed in the cells where the particles
come to rest. Bombarding cells with double-stranded (ds)
RNA, siRNA, or DNA constructs that encode hairpin RNA
can produce transient silencing of target reporter genes.
Intriguingly, bombardment with sense or antisense RNA also
produces transient silencing. Similarly, DNA constructs
encoding these types of RNAs, when placed into the T-DNA
of Agrobacterium and then injected into the intercellular spaces
of leaves, induce silencing of reporter genes. Both methods of
delivery generate silencing that usually lasts for no longer than
a number of days and has only been used to silence a small
number of endogenous genes.*Corresponding author.
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The majority of plant viruses have RNA genomes, but there
are a signiﬁcant number with DNA genomes. Interestingly, the
replication of either type of virus within a plant can induce it to
produce siRNAs from the virus genome. The naked genomes
(i.e., without the protection of a virus particle) of a number
of these viruses can be infectious. In vitro transcription of a
cDNA clone corresponding to the complete sequence of an
RNA virus can be used to generate RNA which, when rubbed
onto the leaves of a plant, initiate an infection. Alternatively,
infections can be caused by the viral genome from either a
RNA or a DNA virus delivered to plants by inﬁltration with
Agrobacteria containing T-DNA plasmids that have been
modiﬁed to carry the viral sequences [1]. Exogenous sequences
can be inserted into certain locations in a virus genome with-
out destroying its infectivity and, when such modiﬁed genomes
are used to infect plants, the foreign sequences also induce, and
become the target of, the host plants RNAi response. This
ability of viruses to carry and induce RNAi against foreign se-
quences has been harnessed into a technology referred to as
virus-induced gene silencing (VIGS) [2]. Usually, 300–800 nt
fragments of target gene sequences are used, but sequences
as short as 23–60 nt can be eﬀective [3,4] . The ﬁrst viruses
to be used for VIGS were tobacco mosaic virus (TMV), potato
virus X (PVX) and tomato golden mosaic virus (TGMV).
However, vectors based on tobacco rattle virus (TRV) appear
to be emerging as the vectors of choice. These vectors cause
mild virus symptoms, thus not masking the visible eﬀects
caused by silencing of the target gene, and give consistently
reproducible results [5]. Another promising approach is the
satellite virus-induced silencing system (SVISS) [6] which is
based on a satellite RNA of the U2 strain of TMV. The target
sequences are inserted into the satellite RNA and then co-
inoculated with TMV. The beneﬁts of this system are that
the helper virus, TMV-U2, does not have to be cloned, the
background symptoms are mild, and the system works well
in Nicotiana tabacum – a species widely used in plant research
but not a good host for TRV.1.3. Stable transformation with Transgenes
The ﬁrst transgene constructs used to generate RNAi
(termed posttranscriptional gene silencing at the time) were
antisense and sense over-expression (cosuppression) constructs
that were stably transformed into plants [7–9]. However,
RNAi can be more eﬃciently induced using transgenes that ex-
press either an amplicon cassette or self-complementary ‘‘hair-
pin’’ (hp) RNA [10,11]. The amplicon approach developed
from VIGS. It involves the use of a transgene that encodes ablished by Elsevier B.V. All rights reserved.
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lication (but not necessarily all of the genes of the native virus)
and contains target gene sequences. The transgene is usually
under the control of a constitutive promoter so that the ampli-
con RNA is expressed in most cells of the plant, where it rep-
licates and induces siRNAs [12]. Although amplicons are
eﬃcient at producing siRNAs, the comparative simplicity of
hpRNA transgenes has led to the latter being more widely
used.
The hpRNA transgene is simply composed of a plant
promoter and terminator between which an inversely-
repeated sequence of the target gene is inserted (with a spacer
region between the repeats). The RNA transcribed from such
a transgene hybridises with itself to form a hairpin structure.
This comprises a single-stranded loop region, encoded by the
spacer region, and a base-paired stem encoded by the
inverted repeats. The whole length of the stem appears to
be used as a substrate for the generation of siRNAs, but
few or none are generated from the loop. Since a spacer
region is needed for the stability of the transgene construct,
but is not involved in siRNA production, an intron sequence
is often used in this position, especially as it appears to
enhance the eﬃcacy of silencing [11,13]. Most hpRNA
constructs have been used in dicotyledonous plants and have
been expressed under the control of the strong, constitutive
cauliﬂower mosaic virus (CaMV) 35S promoter. However,
seed-speciﬁc promoters, such as the napin and lectin
promoters [11,14] have also eﬀectively directed silencing of
seed-expressed genes. Indeed, exquisite tissue-speciﬁc silenc-
ing has been obtained in Arabidopsis and Brassica napus
ﬂoral tissues using the A-type and B-type MADS-box gene
promoters [15]. A wide variety of genes, ranging from those
encoding transcription factors to biosynthetic enzymes, as
well as viral sequences, have been eﬀectively silenced using
hpRNA transgenes (http://www.pi.csiro.au/RNAi/diﬀerent_
gene_eg.htm). Many of the phenotypes obtained with these
constructs have been similar to those of counterpart insertion
mutants. As with VIGS, most of the gene fragments that
have been incorporated into hpRNA vectors have been
between 300 and 800 nt, although a fragment as small as
98 bases has been eﬀective [13]. Results with hpRNAs suggest
that 5 0- or 3 0-untranslated regions or the coding region of an
mRNA are all good silencing targets [13].2. Recent advances in VIGS, hpRNA and si RNA delivery
One of the major limitations of VIGS has been the paucity
of plant species in which the system can be used. Until recently,
almost all of the endogenous genes silenced using VIGS have
been in Nicotiana benthamiana. This species is especially good
for eﬀective, stable, and reproducible VIGS, but it is neither a
crop plant nor a very good model plant (due to the dearth of
mutants or genetic information for this species). Fortunately,
in the last few years VIGS systems have been developed for
important crop plants such as legumes, [16] Solanaceae [17],
cassava [18], and perhaps most importantly cereals [19–21].
Now there are also VIGS systems for the model plant species
Arabidopsis [22] and poplar [23] – whose genomes have both
been completely sequenced. A new twist on SVISS has been
the development of a system based on tomato yellow leaf curlgeminivirus and its satellite, DNAb, which both have DNA
genomes [24]. Interestingly, the silencing pathway induced by
geminivirus-based VIGS appears to have some signiﬁcant dif-
ferences from that induced by RNA virus VIGS [24,25]. Nev-
ertheless, like the RNA-based SVISS, the system appears to
work well (giving silencing that generally lasts for over a
month) and in a number of diﬀerent solanaceous plants, not
just N. benthamiana.
Perhaps the most eagerly-awaited VIGS systems have been
the cabbage leaf curl virus (CbLCV) system [22], because it
works in Arabidopsis, and the barley stripe mosaic virus sys-
tem, because it works in wheat [21]. One potential advantage
of VIGS over insertional mutagenesis is the possibility of
silencing multiple genes, or all the members of a gene family,
simultaneously. Stacking together many diﬀerent insertion mu-
tants is possible in Arabidopsis, but time-consuming and labo-
rious; in wheat, with its three homeologous genomes, this task
becomes almost impossible. There are signs that multiple gene
silencing by VIGS is possible. Simultaneous silencing of two
genes by insertion of two gene sequences into the vector has
been successful for TGMV-VIGS in N. benthamiana [26], for
the CbLCV system in Arabidopsis [22] and for the DNAb sys-
tem in tomato [24]. To silence diﬀerent members of the same
gene family, it may be possible to use either conserved regions
of sequence similarity, or sequences stitched together from the
diﬀerent members. The limitations on how many genes can be
simultaneously silenced by the latter approach may be
governed by the size of foreign sequence that can be stably
placed in these vectors (which is usually less than a kilobase).
In addition, the diversity of siRNAs from these polyvalent
constructs may dilute the eﬃcacy of silencing for each gene
(Fig. 1).
Many of the attributes that make VIGS such a useful tech-
nology also apply to stably-integrated hpRNA transgenes,
such as the ability to silence gene families [27] or multiple dif-
ferent genes [28]. However, VIGS constructs are applied to,
and induce silencing in, juvenile or adult plants, whereas plants
transformed with constitutively-expressed hpRNA transgenes
induce silencing soon after germination. When this type of
hpRNA transgene is targeted against genes that are essential
for embryo viability, it can have the same unsatisfying out-
come as a homozygous insertion mutant of such a gene, i.e.,
the death of seed during or shortly after germination. Obvi-
ously, this makes analysis of the function of the target gene
very diﬃcult. This shortcoming may have been circumvented
by the development of inducible hpRNA silencing systems.
There are now systems that use animal hormone-inducible or
heat-inducible promoters to activate the expression of the
hpRNA. One of the hormone-inducible systems [29] induces
the irreversible activation of hpRNA production by an in-
duced recombination at the DNA level. This system allows
plants to develop as if wild-type until the addition of the indu-
cer. The heat-inducible system [30] can be used to generate a
pulse of RNAi. Newly-forming leaves at the time of induction
(by transfer of the plants to 37 C for 2 h) develop to show a
silenced phenotype, whereas leaves that develop a few days
after the heat-shock treatment show a reversion to normal.
Another hormone-inducible system [31] provides the inducible
activation of silencing within hours of application of the hor-
mone, maintenance of silencing while the plants grow on hor-
mone-containing media, and the release of silencing a few days
after transfer to hormone-free media. These systems, especially
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Fig. 1. Examples of DNA constructs delivering RNAi in plants and animals. (A) The tobacco rattle virus (TRV) virus-induced gene-silencing (VIGS)
system. Two T-DNA plasmids that encode the TRV genome (one encoding TRV RNA1 and the other encoding TRV RNA2, which carries the
inserted target sequence) are propagated in Agrobacterium and used to infect plant tissue. When a plant is inoculated with Agrobacterium containing
this plasmid, the DNA between the left (LB) and right (RB) borders are transferred into the plants cells and the viral RNA sequences (including the
inserted target sequence) are transcribed under the control of the cauliﬂower mosaic virus 35S promoter. The viral RNA dependent RNA polymerase
(RDRP) gene is translated from the transcript which in turn replicates the transcript into infectious viral RNA. (B) The tobacco mosaic virus (TMV)
VIGS system with an inverted repeat of the target sequence. With this system, the DNA plasmid is propagated in E. coli and transcribed in vitro
using T7 polymerase to give infectious RNA. The RNA is inoculated directly onto plants or is assembled with virus coat protein and inoculated onto
plants. Please note that in this example the target sequence is inserted as an inverted repeat. This arrangement gives more profound silencing, but a
simple sense or antisense target gene fragment in this vector also gives eﬀective silencing. (C) The pSHAG-MAGIC2 plasmid that is used to deliver
RNAi in mammalian cells. The backbone is derived fromMurine Stem Cell Virus with its long terminal repeats (LTRs) and partial packaging signal.
The shRNA is expressed from the U6 polymerase III promoter. The shRNA is ﬂanked by a microRNA signals. A selectable marker gene has also
been inserted into the viral backbone. (D) A typical T-DNA plasmid for the expression of hairpin RNAs in plants. The plasmid can be transiently
introduced into plants by bombardment or more commonly stably inserted into the plants genome by Agrobacterium-mediated transformation.
Hence the presence of a selectable marker gene. (E) A T-DNA plasmid similar to the one above but which expresses RNA with the target gene
sequence upstream of a hairpin structure. This vector oﬀers the possibility of easy insertion of cDNA library sequences for high throughput
screening.
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silencing target genes and may become powerful tools in devel-
opmental research.
One of the major goals of VIGS and hpRNA transgenes is to
produce high-throughput silencing for genomic scale research.
VIGS systems lend themselves to such large-scale screens as
the introduction of each silencing construct only requires
inoculation of a plant. Indeed VIGS systems have already been
successfully used for a number of functional screens [5]. For
example, 4992 cDNAs from a normalized library fromN. benth-
amiana were cloned into a PVX vector and used to screen for
their functional signiﬁcance in defense signaling. This approach
directly identiﬁed heat shock protein 90 as playing an important
role in disease resistance [32]. A similar cDNA library strategy
may also be possible for hpRNA constructs. It has been found
that sequences placed upstream of a heterologous hpRNA
sequence can also direct silencing, and a vector that captures this
feature has been created [33]. With this vector, sequences from
cDNA libraries can be inserted between a promoter and a 3 0
hairpin domain in a single cloning step.
Invitrogens Gateway recombination system (www.invitro-
gen.com/gateway) facilitates the rapid cloning of PCR frag-ments into ‘‘Entry’’ plasmids and the movement of these
fragments from ‘‘Entry’’ to ‘‘Destination’’ plasmids by simple
in vitro recombination reactions. The system seems to have be-
come a universal standard in genomic research and there are
many gene and gene fragment libraries in these entry vectors.
These libraries can be excellent sources of target gene frag-
ments for high throughput RNAi and Gateway-compatible
VIGS vectors, such as the pTRV-attP/R vector series [34]
and hpRNA transgene constructs, such as the pHellsgate series
[35]. For example, the European consortium AGRIKOLA
(Arabidopsis genomic RNAi knockout line analysis) project
is using Gateway technology to transfer a library of about
25000 cloned PCR products, originally designed for micro-
array analysis of almost every gene in the Arabidopsis genome,
into pHellsgate-derived vectors and transforming these into
Arabidopsis [36].3. RNAi delivery in plants and animals
In plants, most RNAi has been accomplished with VIGS or
hpRNAs that give long (>300 nt) dsRNA regions. Similarly,
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often delivered as naked dsRNA rather than encoded by a
virus or a transgene [37,38]. However, in other animals and
especially in mammals, short (21-nt stem) hairpin-encoding
transgenes, or naked siRNAs, are used in order to avoid elic-
iting the interferon response, which results in the general inhi-
bition of protein synthesis [39].
The use of viruses is very important for the delivery of
RNAi in both plants and animals, but they may operate in
diﬀerent ways. The plant viruses that were ﬁrst used as vectors
to generate RNAi, TMV and PVX, had single-stranded RNA
genomes. It was believed that the double-stranded replicative
form of the virus genome was triggering the RNAi. Thus, it
was only necessary to insert a fragment of the sense or anti-
sense sequence from the target gene into the viral genome.
In mammals, the viral vectors used to deliver RNAi are based
on either retroviruses (lentiviruses) or viruses that have DNA
genomes (adenovirus, adeno-associated virus) [40]. The mole-
cules inducing the RNAi from these vectors are produced
from short hairpin (sh) RNA cassettes under the control of
RNA polymerase II or III promoters. There is no dsRNA
replicative intermediate, and the role of the virus is simply
to deliver the hpRNA cassette to be expressed in the desired
cells.
Ironically, recent analysis of siRNAs produced in plants in-
fected by Cymbidium ringspot tombusvirus, TMV or PVX sug-
gests that the siRNAs are not derived from the dsRNA
replicative form of the viruses but rather from hairpin-like sec-
ondary structures in the sense strand of the virus [41]. Further-
more, plants infected with a TMV-VIGS or BSMV-VIGS
vector, into which had been inserted a small (40–60 bp) perfect
hairpin sequence against an endogenous target gene, displayed
signiﬁcantly stronger silencing than plants infected with the
same vector containing the corresponding sense or antisense
target gene sequences [42]. These results suggest that plant
VIGS and animal virus shRNA vectors are perhaps more sim-
ilar than ﬁrst thought.
The expression of shRNAs under the control of PolIII
promoters, such as the U6 promoter, is very popular for RNAi
in mammals, and is even being used for large-scale genomic
screens [43]. This approach is relatively unexplored in plants,
although it has been shown to work in tobacco using the
human H1 promoter and the Arabidopsis 7SL RNA gene
promoter [44]. This strategy ensures high levels of expression
of shRNAs in every cell of the plant and should promote
highly-speciﬁc silencing of target genes, with reduced risk of
cross-silencing non-target genes.4. Future prospects for RNAi in plants
Several key developmental processes, in both plants and ani-
mals, are regulated by  21 nt microRNAs (miRNAs) that are
produced by enzymes associated with the RNAi pathway [45].
These miRNAs, excised from endogenously-encoded hairpin-
like primary transcripts, negatively regulate endogenous target
genes by cleavage or translational inhibition of their mRNA.
In animals, they naturally act almost exclusively by transla-
tional repression and have considerable mismatch with their
targets, seeming to primarily require a ‘‘seed’’ sequence of six
nucleotides [46]. However, the miRNA primary transcript
can be modiﬁed so that the miRNA sequence is replaced bya siRNA sequence [47] having perfect sequence complementar-
ity to the target mRNA. The siRNA then cleaves the target
RNA. The same approach may also work generically in plants.
Indeed, a synthetic mi/siRNA has been made using the pri-
mary miR171 transcript but in which the miRNA sequence
has been replaced by a sequence that targets GFP mRNA
[48]. Interestingly, shRNAs and siRNAs, as well as longer
dsRNAs have come under considerable scrutiny for oﬀ-target
eﬀects in animals [48–51], whereas this does not seem to be
such a problem in plants. Perhaps this is because the siRNAs
produced in animal cells can act as miRNAs, requiring low
complementarity, against many diﬀerent non-target mRNAs.
In plants, siRNA and miRNAs require the similarly high levels
of complementarity and will therefore tend to target the same
speciﬁc genes.
Much progress has been made reﬁning shRNAs expressed
from PolIII-type promoters in animals, including the incorpo-
ration of some miRNA qualities into the hairpin design (such
as the pSHAG-magic2 vector series [43]) and the software to
predict the best sequences to minimise oﬀ-target eﬀects
[52,53]. Perhaps PolIII-transcribed shRNA may become more
widely used in plants. The U6 and U3 RNA promoters seem
good candidates to regulate their transcription. The design
rules may need to be worked out for incorporating miRNA
features into their structure, but the software required for elim-
inating oﬀ-target eﬀects may be much simpler.
A rather diﬀerent method of producing siRNAs for gene
silencing in plants may come from the recent discovery of
trans-acting (ta) siRNAs. The biogenesis of these siRNAs ap-
pears to be from single stranded pre-ta-siRNA transcripts
which are cleaved by miRNAs, copied into dsRNA by an
RNA dependent RNA polymerase, and ﬁnally processed into
siRNAs by a Dicer-like enzyme [54]. If the deﬁning character-
istics of the pre-ta-siRNA transcript can be elucidated, it may
be possible to make transgenes that encode designer versions
of these transcripts which are processed by the endogenous
mechanism to produce siRNAs against the desired target.
Our ﬁnal glimpse into the future is to suggest that plants will
be used as biofactories for siRNAs for both research and ther-
apeutic use. Plant-produced siRNAs against inﬂuenza have
been shown to be eﬀective in mammalian cells [55] and plants
are already being used to produce antibodies, vaccines, and
biopharmaceuticals [56]. So why not use them to inexpensively
produce large amounts of siRNAs?
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